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Abstract

Spacccraft must survive and operate icliably in the space cenvironment for long
periods of time. Radiation, temperature variations, spacccraft charging, surface
contamination, and micrometcoroids/space debris all present environmental challenges to
spacecraft missions. The environmentalissucs associated with these effects  requircin-sib]
spacc experiments to properly quantify the environment and its effects. “1°0 obtain data on
speci fic microclectronic and sensor systems in the space environment, several engineering
experiments were developed for the Clementine spacecraft and the Clementine lunar
transfer booster or Interstage Adapter Satellite (I SAS). Thesc plat forms allowed testing of
advanced spacecraft microclectronic and sensor devices in a lunar transfer orbit that
intersects Earth's radiation belts and debris environment and in interplanctary space where
dircct exposurc to solar flares, Galactic Cosmic Rays, and micromeicoroids was possible.
A suite of experiments was developed by the Naval Research 1.aboratory (N]<].), the Jet
Propulsion Laboratory (JPL.), NASA langlcy Research Center (1 .aRC), the Acrospace
Corporation, and NASA Goddard Space Flight Center (GSHC) to investigate in detail
specific radiation and cnvironmental reliability issues. ‘1 “his paper presents an introducti on
1o the issues being investigated, the instruments provided for the mission, and the rationale
for the cngincering program,

1. Introduction

The advanced light weight techinologics flown on the Clementine spacecraft must
operate properly in the space environment. Radiation, tcmperature variations, spacccraft
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charging, sw.face contamination, and micrometeorOids/space debris will all  present
environmental challenges for long term operations. — Although microclectronic, sensor
radiation, and rcliability issues related to space operations have been intensely studied in the
past, the vulnerabilities of the Clementine components mustbe resolved with actual in-situ
space experiments. To obtain data on specific microclectronic and sensor systems in the
space environment, several cngincering experiments were developed to fly on the
Clementine spacecraft and on the Clementine lunar transfer booster (or Interstage Adapter
S,dc.lli[c-the1SAS).  These two platforms allowed testing of advanced spacecraft
microclectronic and sensor dc.vices in alunar transfer orbit (1.1'0) thatintersected Farth's
radiation belts and debris cnvironment and in interplanctary space where direct exposure to
solar flarcs, Galactic Cosmic Rays, and micrometeoroids was possible.

The primary engincering objectives of the Clementine prograim were to:

Fvaluate environmental effects cm lightweight space technologies.

Demonstrate applicability of Clementine tightweight sensor technologics to NASA
missions.

Test detection and acquisition capabilitics at realistic velocities using celestial bodies
aslal’ gets.

Inmeeting them objectives, the Clementine program:

Tested the following advanced sensor techinologics:
[J(I;lviolct/Visible Camera with wkic 1iield-of-View (1'OV)
Infrarcd (1 R) cameras (Short Wavelength 1R 1-3 micron wide 10V, 1.ong
Waveleng(h IR 7-9 micron with narrow 1'OV)
Lightweight 1LIDAR for precision ranging and imaging
Wide 'OV Star * ' racker for navigation

Iivaluated the performance of advanced, light weight spacecraft
components/sy siems:
Incrtial Mcasurement Units (1 MU)
2. Gb Solid State Data Recorder
1ata Compression Chip
Ultra-Thin Gallium Arsenide on Germanium Solar Arrays
Lightweight Reaction Wheels



Nickel-I Tydrogen (Nil 12.) CommonPressure Vessel CPV) Bat(erics
32- bit Microprocessor

Composite Structures and Materials

M iniature Staling Coolers

'The mission goal of the Clementine 1 ingincering 1 ixperiments Program was thus to
evaluate the cffects of the space environment on the ad vanced teclinologics and 1ight weight
spacecraft components being flight tested on the main Clementine spacecraft and the ISAS.
Success for the 1 ingincering | ixperiments Program was measured in terms of the ability of
the instraments to contribute 1o the flight qualification of these advanced systems in the
deep space environment. ‘1 ‘hisrequired tlic charact erization of the space environment
during anomalous operations of the. systems ontlic main vehicle and the evaluation of the
cffects of the radiation and micrometcoroid/debris environments on the 1SAS instruments
and their clectronic devices under test (DUTs). ‘1 'heinstrunient configurations were
carefully sclected to fulfill these goals and to provide adequate redundancy in the case of
individualinstrument fai lure. * 1 *hc environ ment al sensors represented t echnologies that had
been flown and tested on previous missions thereby allowing intercalibration with earlier
results. An integral part of the Clementine 1 ingincering Experiments Program was an on-
going parallel ground test and modeling effortaimed at interpreting the flight results. The
Clement inc engincering data arc being made available to the spacecraft engincering
community for the design and testing of similar advanced microclectronic Systems.

. ENGINEERING M1SS10N DESCRIPTION

‘The Clementine engincering mission actually consisted of two vehicles- the main
Clementine spacecraft and aninstramented pallet on the lunar transfer booster. The latter
was the result of a series of screndipitous events.  Early planning for the Clementine
mission indicated the requirement for a Junar transfer booster for which a Thiokol Star
371'M Solid Rocket Motor (SRM) was selected. The SRM had to be spin stabilized during
the burn, requiring stowed golar pancls. As the solar arrays prov ided (0o Jittle power in the
stowed position, it was nccessary to wrap additional solar cells around the Interstage
Adapter structure to make up the difference during this time period. The Clementine
program team realized that even though this module would be left behind in Earth orbit, it
would still be a valuable resource as almost 100 W of power were available. To utilize this
capability, the Interstage Adapter was fitied with asi nail instrament pallet (total weight -5




kg) that fit on the inside adapter wall above. the SRM. This led to the creation of the
Interstage Adapter Satellitc or ISAS for studying the effects of the 1 larth's space

environment on individual Clementine components.

The two Clementine vehicles created @ unique opportunity to simultancously
mcasure the effects of the space environment on identical or similar clectronic systems and
components under substantialy different conditions. The Clementine ISAS was ina highly
cceentric] JTO that i nterseeted the Varth's radia ion belts (perigee - 300 to ~700 Km; apogee
-127,000 Km; inclination -670).  The clectronic parts and systems onthe |SAS
encountered the 1 birth’s Van Al len radiation belts and space debris environmentonaregular
basis.  While at apogee, the vchicle directly sampled the interplanctary radiation and
micrometcoroid environments. The ISAS consisted of the interstage vehicle and its solar
arrays, the ISAS experiment package, anda simple communications package. The vehicle
had no attitude control or determination and deployed in a random orientation. In- contrast,
the Clementine spaceerafl spent the majority of its time in the interplanctary space
environmentin orbit around the Moon where it dircet 1y observed at least one solar proton
event. 'T'he vehicle was 3-axis stabilized for most of the mission with a pointing accuracy
of 0.03 °. After completion of the lunar mapping mission, a software crror during the 1 larth
gravity assist phase of the mission led to a 10ss of attitude control fuel and spun the
spacecraft to 80 revolutions per minut €. The spacect aft went dorr nant soon after but was
re-acquired in April of 1995 when its solar arrays wer ¢ again adequately illuminated (aside
from the 10ss of attitude control fucl, the vehicle was in excellent and the Clementine
Lingincering Program continued).  T'o take advantage of the dichotomy in environments
bet ween the two spacecraft, ident ical experiments were prepared for both vehicles that
allowed simultancous measurements and tests under widely differing, environments. in
addition, the ISAS was inan orbit allowing, cnvironinental measurcments over an altitude
range not typicaly monitored. in turn, the Clementine main spacceraft was onc of a limited
number of spacecrafl to orbit the Moon and to pass on into interplanetary space.. Both these
vehicles allowed unique studics of the space environinent on advanced space S ystems and

components.

in supportof the engincering study, three environmental sensors were developed to
measure the plasma, total dose, heavy ion, and micron eteoroid/debris environments
experienced by tbe vehicles. Tor total dose mecasurements, NRILL provided dosimeters to
record tot al closc on Clementinc andonthel SAS.  Acrospace Corporation and NASA
Goddard Spaceflight Center provided a Charged 1 »article ‘1’ clc.scope (CPT) capable of




measuri ng plasma clectrons, high energy clectrons, and high cnerg 'y prot ens.  This
instrument was flown on the main vehicle. NASA Tangley Rescarch Center provided the
Orbiting Meteoroid and Debris Counter (OMDC) experiment for the [SAS. JPL. produced
two identical 1 JUT (Dévice Under Test) packages, called the Radiation and Reliability
Assurance Experiment (RRE] LAAX).  Kach contained housckeeping chips to monitor
radiation, a digital radiation test chip DUT to test ? families of complementary metal oxide
semiconductor (CMOS) devices, and a lincar charged coupled device (1.CCD) experiment.
This instrament w as flown on both the Clemen tine and ISAS behind minimal shiclding (~1
mil and ~7 mils respecti vely). NRI. provided a package for the ISAS containing DUTs
representative of several advanced microclectronic component designs. in addition, NRI.

monitored the Clementine Solid State Recorder for single event upscts (SEUS).

‘The Clementine spacecraft design deviated from the normal practice of using
military standard components and, instead, introduced commercial parts wWhich were not
hermetically scaled.  Most of the commercial plastic parls were screencd to Military
Sprecification 8838 and selected to prevent destructive latchup. The spacecraft subsystems
were designed to operate in the mission space environment fora full year. A (inscription of
the parts incorporated into the lightweight sensor suite and into tile major spacecraft
subsystems arc presented insubsequent papers in Ibis volume. The importance of these
components to the engincering program is that they contributed to the requirement that the
cffects of the space en vironment on their operation be carefully evaluated before launch.
The validation of this process in turn needs 1o be determinedso that future missions wiil be
able to lcarn from it- afinal eng incering goal.

111.  CLEMENTINE ENGINEERING INSTRUMENTS

Since the Clementine advanced technologies and lightweight sensor systems are
described elsewhere, only the principal engincering instraments and their objectives will be
briefly defined here. Table 1 lists the instraments and DUTs flown as part of the
Clementine Engincering Experiments Program.  The majority of the radiation instruments
arc physically grouped in terms of (wo major packages- the JPI. RR1LAX on the
Clementine spacecraft and the ISAS and the NRIL. Data Acquisition System (IDAS) on the
ISAS. in addition to these packages and the other instruments in the table, data from the
Clementine optical instruments, its computer - systems, IMUs, and housckeepi ng functions
arc available for specific studies. A final section will discuss the use of the. environmental



sensors, 1111'1's, and other Clementine systems in carrying out specific engincering
cxperiments.

RADMON (R RELAX)

An ult ra-compact Radiat ion Monit or (RAIDMON), part of the JPI. RREI .AX
instrument package, was developed to record the total dose and SEU environments. The
objectives of this experiment were to provide dose and temperature (required to calibrate the
dose data) measurements | profile the Earth's trapped proton environment, and characterize
the solar flarc proton and Cosmic Ray fluxes for the Clementine and ISAS. The success of
these mcasurcments has cstablished static random across memorics (SRAM) as
inexpensive, low power SEU monitors and the p-channel field effect transistors (plET)
dosimeter as Jow-cost, low power total dose detectors.  Comparing, the Clementine results
with other spacecraft and ground based measurements enhances our understanding of the
effects o f radiation on clectronic components, aids in the design o f robust, radiation tolerant

systems, and helps to update the modcls of the radiation environment.
1.CCD (RRELAX)

The objective of the RRELAX 1.CCD instrument was 1o improve the capability to
predict space radiation effects on CCDs like those being flown on the main Clementine
spacecrafl. Specifically, repeated measurements of the charge transfer efficiency (CTE),
dark current (Idark), and flat band voltage shift (V{p) of a 1.CCD were made as the 1.CCD
and associated buried-cha nnel metal oxide semiconductor ficld effect transistor (MOSHLT)
lest structures accumulated radiation damage in the Farth and space environments. The
observed degradation is being compared at JP1. to pre-launch predictions derived from
laboratory mecasurements and theoretic.a predictions. T his comparison will allow the
cvaluation of techniques for extrapolating laboratory data to the space cnvironment and
accurately predicting in-flight degradation. The instrament will also verify CCI> groLInCi-test
mecthodology and quantify radiation degradation for buried-channel test MOSFETSs.

Ultimately the information will contribute to more robust CCID sensor designs.

CMOS and INVERTER DUTs (R RELAX)



This instrument determinedthe damage cocfficients in situ f o r oneywell
RICMOS-HI (radiation hard) and MOSIS (radiation soft) CMOS test structures and
measured the effects of feature size on total dose.. Radiation cffects on these test stractures
arc being used to establish the limits forusing radiation-soft quick-fab CMOS for digital

logic in spacecraft and to establish inverler parameter spreads by measuring a statistically

significant number of inverters (4 sets of 64).  The data will aid system designers in
designing optimized fault tolerant systems. The instrument is allowing, the characterization
of FET and inverter array threshold voltage shifts in space which will be compared to
ground based flight qualification tests. The threshold voltage of the radiation soft 111’ test
structures 1s expected to change with the spacecraft dose levels but the radiation hard FETs
and the shielded inverter arrays should not expericnce a radiation induced change in their
threshold voltages. This will permitthe effects of the radiation and reliability variables to
be separated and, at the samc time, validate the use of radiation and reliability QM 1.test
structures in predicting the performance of integrated circuits in space. The use of wire

resistor teststructures for "on-chip” temperature measurement is also being demonstrat ed.
SRAM (DAS)

SRAMS provide a very simple, rclatively low cost source of on-board memory in
Space systems.  These devices require no peripherals to operate and are representative of
present advanced technology processes.  Characterization of single event effects (SEL)
performance in the space environment will provide significant data for SEU predictions and
may indicate these parts are acceptable for many future applications. If so, then a source of
o{l-the-shelf products will be available for future space systems.  in addition, the SEH and
total ionizing dosc (T113) data will provide a valuable database for confirmation of ground-

bascd test results.
EEPROM (DAS)

Flectrically Frasable Programmabl ¢ Read Only Memories (1EPROM) provide the
capability to change mission paramcters OF cven function while still in space and to
nonvolatilely store program data during a mission. Although these are desirable technical
features, the electrically crasable and programmable capability of HEPROMs make them
suspectinan SEE environment. The EEPROMs onthe ISAS were intended to provide
valuable information regarding the. part’s susceptibility to upset and the extent of program
degradation with each upset. The objectives of this test were to: qualify these devices for



long term space usc; characterize single and multiple bit cell upsets; determine degradation
of S1:{U performance with total dose; characterize the upset rates inread only modes versus
read/write operat ion; correlate space test results with ground testing; and determine whet her
the error correct ion methods proposed Tor these dev ices were necessary and if so, the

degree of fault tolerance provided.
FPGA (DAS)

The 1 deld Programmable Gate Amy (FPGA) flown underwent ground-bad
radiation testing With mixed results.  T11D hardness was observed up to 30 Kinds. It
demonstrated immunity o proton induced single eventlatchups and upsets with a threshold
1.1¢Tof 15 Mc\//(mg/cnﬂ) and across section of 2x10°cm?/device. ] atchups, whenthey
occurred, were current limited to 800 mA max and not destructive at this level,  The
I nstrument was intended to provide a database for correlat ion with ground-based test
results. in particular, exposure to the slow dose rate T1D accumulation seen in orbit should
determine whet her the part may be used in | farth radiation environments with predictable
performance. Qualification of this high density ] ‘PGA would prove to be a valuable asset
for low weight, low volume space applications ductothe larger internal gate count.

PMOS Dosimeters

P-channel metal oxide semiconductors (PMOS) are. susceptible to radiation as their
threshold voltages shift with totaljonizing dose. 1)osimeters based on this technology were
flown on the CRRI S spacecraft (o monitor total dose during the mission. These PMOS
dosimeters, with minor modification were flown on Clementine and the ISAS.  As they
needto be sampledonl y once per orbit, thicir data and power requireiments were very
minimal. These faders made them ideal lightweight, low power sensors for mecasuring,
totalionizing dose. For Clementine, varying thickiiess of shiclding was used to obtain
radiation (he/depth curves atsclected locat ions on Ibc Spacec raft and the ] nterst age
alowing real time mapping of the radiation dose on t hiese vehicles.

cpr

The CPT measured the fluxes and spectra of encrgetic clectrons and protons
encountered by the Clementine spacecrafl. The primary objective was to measure, energetic
protons (and clectrons at 0.3- 1.0 McV) emilled by Solar flares during the mission. The




lower cnergy clectron channcls provided data on spacecraft charging and oninteract ions
between the Moon and the Farth's gecomagnetic tail plasma. The CPT sensor consists of a
single 3000 pm silicon detector collimated 10 a30° FOV. Qutside of the FOV, the shielding
is equivalent teat least 2mm of copper. The detector bas channels sct at 30 keV, 48 keV,
90 keV, 115 keV, 220 keV, 500 keV,I1MeV,3MeV,and1 O McV. The first channelis an
integral channel and the rest are differential. *1 “hc uppcer two channels are sensitive only o
protons and heavier ions; thcl McV channel has a low sensitivity to clectrons. The other
channels arc sensitive to both electrons and ions.

OMDC

The OM 1 )Cprovided data on the near | {arth natural meteoroid and manmade debris
chvironments. in the long term, these observations will contribute to both the NASA and
the military space environments and effects programs by providing data that arc critically
needed to plan and design future spacecraft.  The experiment also demonstrated the
performance of an ultralight weight particle impact detector that can be used on spacecraft in
the futurc 10 cent inuc the monitoring of the manmade dcbrisenvironments in space. ‘1 ‘he
specific objectives of the OMDC were as follows:

Fstablish altitude variations in the population of small mass manmade dcbris.

1 istablish population of smal | mass meteoroids near the liarth.

Determine the metcoroid and debris hazards to spacecraflt employing an 1 Zarth
gravily assist for deep spacet rave].

1 >emonstrate performance of an Wltralightwei ght particle impact detector that can be
used in the future to continue the. monitoring of manmade debris and/or to monitor
the. health of the spacecraft.

The OMDC measured the, near 1 éarth natural meteoroid cnvironment at high altitudes
where manmade debris (hopefully) donotyet exist in significant amounts thus allowing, the
contribution of the mete.orojd impacts to be separated from measurements of the combined
metcoroid and debris impacts.  The experiment also made measurements of the smaller
debris populat ions over a muchgreater altit ude range than previously al tempted. 13 'y doing
so, it will provide the firstdata on the manmade debris population at altitudes upto and
including synchronous orbits. 1hec OMDC 1 xperimentutilizedan improved version of a
flight proven technique to measure the impact frequencics of submicron metcoroid and
manmade debris particles as a function of lime. and spatial position. The ultrasensitive



particle detectors are thin MOS (metal-oxide-silicon) capacitors that are partially discharged
when impacted by hypervelocity particles. The OMDC instrament consisted of -1400 cm?2
of these. MOS capacitor impact detectors. The dctectors Were mounted around the
periphery of the ISAS. Approximately 80 impacts were detected over the life of the ISAS.

Solid State Data Recorder

‘The Clementine Solid State Data Recorder (SSDR) had in cxccss of 2 Gbits of
storage capacity which is more than four times the capacity of any previous flight qualificd
SSDR. Therecorder used commercially available 4 Mb x 1 Hitachi Dynamic Random
Access Memorics (DRAM) and had a data throughput greater than 20 Mb/s with a bit error
ratc of less than Ipart in10 billion. The design incorporated redundant error detection and
correction (HDAC) with active fault man:igement and built-in test capability. As part of the
normal housckeeping functions on the Clementine spacecraft, the SSIDR was continuously
monitored for SEUs during the mission.  T'hese datawere correlated Wit h the radiat ion
cnvironment and operat ions to cvaluate t he performance of the SS1 R andits error
detection/correction capabilities and to serve as a sccondary monitor of SHU rates.

IV. CLEMENTINE ENGINEERING EXPERIMENTS

The purpose of this section is to review the experiments needed to meet the
Clementine engincering goal, namely the evaluation of the effects of the space environment
on the advanced technologics and lightweight components being flight tested on the
Clementine and the ISAS. 1 n addition to the evaluation of the day to day performance of
the specific technologies and sensors, this goal d ivides the Clementine and ISAS
experiments plan into three gencral arcas of interest-  radiation effects (primari 1 y totaldosc
and s1 ‘E), micrometcoroid/debris effects, and general environmental i nteract ions,
Although periods of anomalous operat ions are clearly of primary importance, long term
effects of tile environment and basic environmental characterization during nominal
operat ions arcaiso of great value in establishing anunderstand i ng of t hc behavior of the
systems in the space environment. Finally, the environmental data collected by both the
Clementine and ISAS sensors, particularly for solar events and micrometcoroi d/debris
impacts, arc 01 gencral interest and value to both the scientific and enginecring
communities. Table 2 summarizes the range of experiments sclected by the Clementine
Engincering T'cam for study. Many of the papers presented in this collection address these

specific experiments.




V. CONCILUSION

This paper has summarized the key aspects of the (lementine 1ingincering
Program- the issues being investigated, the instrumenits provided for the mission, and the
rationalc for the engineering program. At the outset of the Clementine program, the desire
to evaluate advanced technologies and sensor systems in the stressing, space environment
was cstablished as an overriding goal. We believe, based on the many papers presented in
this volume, that Clementine has been successful irr mecting this goal. We hope that
Clementine will continue both asa mission and as a concept for evaluating future

technologies and systems.




TABIL I L.

CLEMENTINE ENGINEER]I NG INSTRUMENTS

NAMLS 1.OCATION  _____.
RRELAX
RADMON Clementine, ISAS
1.1 ISAS
CMOS/INVERTERS Clementine, ISAS
DAS
FEPROM ISAS
FPGA ISAS
SRAM ISAS
DOSIMETERS Clementine, 1SAS
crr Clementine
NRI.
OMI X ISAS
Sol 11D STATH DATA Clement in¢

RIKX)RIIIR(SIIURA’I’11)

L.

NRI.

1.aRC

— INSTEIUTION

Uyp
1,

NRI.
NRIL.

NRI.
Acrospace,

NRI.

GS}

1
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TABLE2.

RADIATION EFFECTS

Totallonizing Dosc 1 iffects on Advanced Microclectronic 1 )evices
Single | {ventIiffects on Advanced Microclect ronic evices

1 evaluation of 1ightweight CCH Sensor Radiation 1ardness
Radiation Y:ffects n Ultra-Compact IMUSs

Solar Proton}ivent 1 fects

tivaluation of 1irror 1etection and Correction Algorithms
Radiation 1 iffects on Advanced Solar Arrays

Radiation | iffccts on the R3000 Microprocessor

MICROMETEOROID/DEBRIS EHEECTS

| >erformance of an Ultra-1ight weight h4 icrometeoroid Detector
Interplanctary Micrometeoroid Environment at 1 AU
Space Debris Environment as @ 1 ‘unction of Altitude (500-125,000 Km)

G] INERAIL.LINVIRONMENTAL.LHECTS

Plasmalnteract ions with Advanced Space Seiisors

Space I invironment Iiffects at Solar Minimum

1 .unar Occultation Iiffects on Space Systems
(I.ight, Solar Wind, Energetic Particles)

IN-SITU PERFORMANCE OF ADVANCED SPACECRAYT SYSTEMS

Nill2 CPV Batlcrics

Gallium Arsenide on Germanium Solar Arrays
Light weight Reaction Wheels

Composite Structures And Materials

Sterling Coolers

IMUs

IN-SITU SYSTEMS PERIFORMANCE 01" ADVANCED SENSOR SYSTEMS

Ultraviolet/V jsible Wide 1OV Camcra

Short W avelength 1 R 1-3 M icron Wide 1OV Camera
1.ong W avclength 1 R 7-9 Micron Narrow FOV Camera
Fightweight LIDAR

Wide 1OV Star ‘1'racker



